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CLOUD CHA:NBER ID3NTIFIC">.TION OF PHOTODEUTERONb F'ROH COPPER1 
Warren H. Smith and 1. Jackson Laslett 
I. ABSTRACT 
Evidence has been reported (1,2) for the pro duction cf deuterons 
in the disintegration cf copper. and sulfur by bremsstrahlung belm-1 24 
Hev. energy. In the more direct of these investigations (1), the 
presence of a deuteron group was inferred on the basis of range and 
grain-density measurement in nuclear emulsions, and led to a ratio of 
photodeuterons to photoprotons cited as 0.31 for copper. Due to the 
bearing vJh ich such a large deuteron group must have on the theory of 
photonuclear processes, an independent investigation of the photo-
deuteron yield from copper Has undertaken. 
The object of the present investigation was to determine the 
relative yield (in equal range and solid angle intervals) of photo-
deuterons and photoprotons produced by the irradiation of a thick 
copper tarr,et wi th 65 Hev. bremsstrahlung. A cloud chamber traversed 
by a magnetic field -;..m s employed in conjunction with the Iowa State 
Colle r:e Synchrotron to permit the observation of tracks formed by 
heavy photo particles from the copper. A determination was made of the 
mean curvature of each track studied, in a fixed range interval 
extending between 4 and 14 em. from the end. Thus all protons had, 
except for straggling, a fixed energy interval and, similarly, the 
deuterons had another fixed energy interval. 
The cloud chamber and experimental arrangement v<ere as described 
by Stokes (3), except for the following features: 
a larger photon beam aperture ••as used; 
The photon beam traversed a copper target, 0.018 inch thick, 
at an angle of about 10 degrees; 
helium, ethanol, acetone, and water formed the cloud 
chamber gas; 
43 of 550 turns of one coil were bypassed, due to insulation 
failure; and the magnetic field was turned on by an ignitron, to permit 
1 
This report is based on a PhD thesis by W.H. Smith, submitted Dec.l951. 
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establishing the field more rapidly. The magnetic field was calibrated 
by means of a Marion fluxmeter, and extended by panel meter readings 
of the coil current. 
The . tracks were stereoscopically photographed and reprojected to 
full size; the mean curvature of the projected image was determined for 
each useable track by choice of the closest fitting circular arc and 
corrected for the inclination of the track to the magnetic field. The 
stopping power of the cloud chamber gas was determined from the range 
of polonium alpha particles. From the stopping power, the energy was 
calculated as a function of range for protons and for deuterons, using 
published range-energy data (4). The energy, or momentum; and magnetic 
field strength determine the radius of magnetic curvature9 which was 
averaged over the standard interval to give the expected mean curvature 
for an unscattered path; the values sodbtained for a pr.oton and 
deuteron were Oo022 and 0.014 cm.-1 respectively. For those tracks for 
which the average curvature was not directly measured over the staridard 
range interval, a suitable correction was applied to the curvature. 
This correction was made without prior identification of the particles 
and was estimated from the range-energy relation for protons. The 
correction was less than 12 per cent except for 4 tracks; it is a 
fair approximation for deuterons, and, as applied, would not give a 
spurious contribution to the deuteron group. 
Due to small angle multiple scattering in the chamber gas, the 
measured tracks exhibit a distribution in curvature which, for each 
type of particle, may be taken as Gaussian in form. This is deduced 
from the Gaussian character of the distribution expected for the angle 
of scattering~ which is given by the theory of multiple scattering 
(5-8). The width of the distribution in curvature to be expected for 
protons under the conditions of the present investigation was determined\ 
by a control experiment. Knock-on protons were obtained for this \ 
purpose; neutrons, from a polonium-beryllium source, striking a 
plastic enclosure situated within the cloud chamber provided fast 
protons. Application of scattering theory (5-8) permits a simple 
evaluation to be made of the width expected for the curvature dis-
tribution of deuterons in terms of that found for protons. In this 
way 0.005 and 0.004 cm.-1 were estimated as the 1/e half-widths for 
the proton and deuteron distributions, respectively~ as they would 
occur in the present investigation. 
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The corrected curvatures of the 67 measurable tracks obtained 
from photonuclear reactions in the copper target were plotted in the 
form of a distribution curve to represent the number of tracks in a 
curvature interval, 0.002 cm.-1 wide, as a function of curvature. To 
facilitate the interpretation, points were so plotted at. increments of 
0.001 cm.-1 in curvature. A comparison of this distribution •dth that 
obtained from the control experiment, in which protons were present 
exclusively, clearly indicated the presence of a strong deuteron group. 
By use of the known width for a pure proton distribution and that 
expected for a dueteron group, a separation of the composite distribution 
into proton and deuteron components was performed wit hout ambiguity. 
Since both the mean curvatures and ~~dths of the separate distributions 
were known, this analysis involved solely the adjustment of the magnitudes 
of the proton and deuteron abundances. 
The analysis ofthe distribution curve permitted an estimate to be 
made of the relative abundance of photodeuterons and photoprotons. The 
deuteron to proton ratio was thus found to be 0.76*for equal range and 
solid angle intervals. The particles sampled in this investigation 
could have been produced in the copper target with energies between 
l.l and an estimated 15 Mev. Since deuterons lose energy more rapidly 
along their path than do protons, the observed ratio should be divided 
by an estimated factor of 1.7 to obtain the relative abundance in 
equal intervals of energy. 
* The digit underlined is not considered significant. 
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IL INTRODUCTION 
The interaction of high energy photons with complex nuclei has 
been reported to cause the emission of neutrons, protons, deuterons;, 
alpha particles, other fragments, and some combinations of these. 
The ratio9 · r, of photodeuteronsto photoprotons* derives interest 
from two sources . 
1 . Models of t~e nucleus have been suggested in which like 
nucleons are paireg -69 as well as models in which alpha particles7 9 
and even deuterons are present as a unit; other models have been given 
for the ir5eraction of a high energy photon or (photo) particle with a 
nucleus8"" !l. Some of these models provide, with reasonable assumptions;, 
a value8 9 1~ for the ratio, r . Therefore j it is possible that information 
on the ratio may be useful in the interpretation of nuclear structure. 
2. Knmvledge of r for an irradiated nuclear species would 
f acilita te identificati on of t he a ctivation products and their decay 
schemes i n conjunction with other pertinent data such as neutron9 
proton, and alpha photo yields . 
~Hn the 1vork described in this report9 we shall be specifically 
concerned with the r atio, r 9 measured for equal r ange and solid angle 
intervals in vapor, for particles from an 0.018 inch thick copper targeto 
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. 16* The report of the nuclear emuls~on 1-vork of Byerly and Stephens ~ 
is introduced with: 11 The protons ejected from a copper foil irradiated 
1-vith the bremsstrahlung f rom a 24 Mev. betatron were observed in 
nuclear emulsions. In the process of determining the photo~proton 
energy distribution, severa1 anomalies suggested the possibility of 
the presence of photo-deuterons. By grain counting the end of the tracks, 
it was possible to differentiate deuterons from protons, and a consider-
able number of deuterons were found. 11 Grains were counted in the last 
40 microns of tracks, giving an average of about 89 grains, with spread 
from 83 to 98 for deuterons, and about 76 grains, with spread from 
70 to 83 f§r protons. The later work of M. Elaine Toms and W. E. 
Stephens on Mg does not mention deuterons, although protons are 
obtained with good yield. 
The importance of the photo-deuteron abundance seemed to justify 
an independent evaluation of the ratio r. The use of a cloud chamber 
in a magnetic field permitted information concerning the masses of 
particles to be obtained by measure~ents of curvature and range. 
For the determination of the ratio of photo-deuterons to 
photo-protons by the cloud chamber method only those tracks are 
considered 1-1hich meet the following requirements:· 
1. Each track must come from the direction of the target 
irradiated with X-rays, and stop in the chamber at least 1 em. from 
the 1vall; however since the first em. of track from the target is not 
observable above the background ionization and turbulence from the 
target, there is a slight probability that an accepted track may 
originate in the gas. 
2. Each track must be at least 7 em. long, and have a section 
over 3 em. long without observable~point scattering, before the last 
4 em. (where scattering is most pronounced). 
*Published in part in reference 17. 
** Point scattering by 1/100 radian may be observed. 
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3. Each track must be characteristic of a singly charged heavy 
(1, 2 or 3 atomic mass units) particle. The ionization due to alpha 
particles can be distinguished; tracks of particles of electronic 
mass are curved very much more than protons. 
Such tracks may be called selected tracks. If for the selected 
tracks the mean curvature is determined for the range interval from 
14 to 4 em. from the stopping point, then the curvatures of all the 
protons will be those for protons of a fixed energy interval, except 
for slight straggling; similarly all deuterons will be measured for 
another, but fixed, energy interval. 
The expected cu:yatures are for a deuteron and proton respectively 
0.0135 and 0.0221 em.-, as calculated in Section . ~ Underlining 
of digits indicates those which are not significant with the method 
used. The spread, here principally due to multiple scattering, for 
protons ( or deuterons) will be demonstrated in Section V to be 
Gaussian in curvature about the expected value. Calculation of 
scattering width seemed less certain than use of the wldth of the 
experimentally obtained distribution of curvature for tracks of 
protons hit by fast neutrons. The width for deuterons, relative 
to protons may then be obtained from multiple scattering theory. 
The 1/e half-widths so obtained (Section V) are for the deuteron and 
proton 0.004 and 0.005 cm.-1 respectively. Therefore, it should be 
possible to observe the curvature distribution of deuterons, if r is 
greater than 1/5, in the presence of the proton distribution. Smaller 
values of r would change the proton distribution only by an amount of 
the order of statistical fluctuation, unless many more events are 
studied. 
This measurement of r is different in three respects from some 
measurements of mass of mesons, summarized in reference 19. In the 
measurement of r: 
1. Helium was the principal component of the cloud chamber gas. 
2. The locations of the centers of the distributions are known from 
range-energy data, the measurement of the magnetic field strength, 
and the integral values of mass (1, 2 or 3) which are possible. 
3. With X-rays on copper, 67 cases were studied and distributions 
were normalized to fit the data. No conclusion is drawn from 
a single track. 
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III. EXPERIMENTAL APPARATUS 
A 12 inch diameter cloud chamber 20 was used. The depth 
illuminated by the condenser discharge xenon flash tube was 1! incheso 
The tracks were recorded qy an automatic camera with stereoscopic 
attachment. The control equipment which was available permitted the 
application of the magnetic field and the release of a single X-ray pulse 
from the synchrotron, both accurately timed with respect to the 
expansion of the cloud-chamber. To avoid the distortion of tracks 
from possible turbulence within the chamber, an expansion recycling 
period of approximately one minute was employed. Both multiple 
scattering and the magnetic field cause curvature of the tracks. To 
increase the relative effect of the field, the field excitation was 
modified to perffiit parallel operation of the cloud chamber coils and 
more rapid growth of the magnetic field. The time constant of the 
field coil of the generator which supplied the cloud chamber coils 
previously had limited the rate of rise of current. An ignitron, 
type 5551, was used to switch on .the coils with the generator field 
fully energized. To minimize the duty cycle of the eoils, i.e. to avoid 
heating of the coils, generator, and ignitron, it is necessary-to 
deenergize the gener ator field soon after the particles have traversed 
the chamber. Both a primary operating delay circuit, Fig. 1 3 and a 
safety maximum time delay are incorporated to accomplish rapid deexcitation. 
A fuse in the cloud chamber coil circuit is also used. It is necessary 
to note, however, that the safety delay depends upon the adjustment of 
generator output voltage, and must be modified if a potential difference 
other than 310 volts is used. The possibility of still higher field 
strength is limited by the internal impedance of the generator. 
Direct rectification is not possible because the power line cannot 
supply the demand. The coil insulation will not permit operation by 
condenser discharge, which is the most economical method. The cloud 
chamber magnetic field is produced by two coils with 550 turns each. 
Two layers comprising 43 turns located at the inside of the lower .. coil 
were by-passed because of insulation failure. The effect of this 
asymmetry was substantially reduced, however, qy parallel operation of 
the coils at the same temperature, since the lower coil then drew the 
larger current. The magnetic field was measured at about 2/3 strength 
by a Marion fluxmeter, accurate to 1 per cent; the current was 
measured by a panel meter with rapid response, and its readings used 
to scale the field to full strength, 3440 gauss, with an error probably 
less than 4 per cent. A commercial copper target, 0.018 inch thick, 
6 15/16 inches long and 1! inches high, was set at an angle of about 
10° to the collimated photon beam from the synchrotron, which was 
operated at 65 Mev. The experimental arrangement is illustrated in 
Fig. 2. Choice of copper f or the first application of the cloud 
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chamb~r method was due to its knmm_ high6p?ot? cross se?tion, and 
becaus . E? the work of Byerly and Stepnensl J.ndJ.cated a hJ.gh photo-
deuteron yield from copper. A 0.005 inch thick beryllium foil was 
cemented on the inside cylindrical surface of the cloud chamber, over 
a li inch diameter radial hole in the 3/8 inch pyrex vlall, with 
araldite thermosetting resin; the foil IoTas then covered with glyptal 
enamel. 
IV. DATA 
The cloud chamber tracks of charged, heavy particles curved 
by the magnetic field were photographed. ll.pproximiltely 2560 stereoscopic 
pictures >v-ere taken, Hith 65 Hev. bremsstrahlung on copper. The method 
of track selection outlined in the Introduction is eiven here. All 
tracks ending in the lighted portion of the chamber, more than l em. 
from the wall, longi3r than 7 em., and coming from the copper target 
were studied. Fig. 3 shO'.lS t :ypical tracks, reduced in size, but wi. th 
some loss of contrast. The pictures were stereoscopically reprojected 
through the optical system used in photographing the tracks. The 
projected imaee, which was congruent to the track, Has viewed on a 
movable screen adjusted to coincide with the plane of the image of the 
tra ck. 
1l .feiv of the tracks did not have enough contrast for use in the 
stereoscopic reprojection system, and were treated separately. 
Lou contrast tracks '\·Jere measured on a microfilm viewer; since no 
stereoscopi·c aid was possible, the inclination factor >vas set eqiial 
to l. The curvature of these tracks uas measured by sagitta method. 
The distribution shm·Jed uithin limited statistical accuracy, the same 
r atio r a s for tracks of good contrast; tracks of low contrast were 
not included in the main data or graphs. 
Host tracks ~vere visible on reprojection; their mean curvature 
over the section visible, and up to 4 em. from the end was measured 
by fitting circular arcs, ruled on plexiglas. The chord length of the 
track and the acute angle ¢ of the plane of the track to the vertical 
ivere measured. In some cases point scattering >vas noticed in fitting 
the circular arcs . If no section 3 em. long, before the last 4 em., 
uas avail able free from noticeable point scattering, the track IoTas 
eliminated. If a section other than from 4 em. back was measured, 
t his was noted and corresponding reduction to the standard interval 
of 14 to 4 em. from the end vw.s made. 
14 
J 
.. 
• 
• r 
Fig. 3--Typical tracks, with one of the type meeting 
I 
the requirements of the present investigation designated 
by an arrow. Stereoscopic photographs were actually 
taken; the present illustration is an enlargement, with 
enhanced contrast, of a portion of one of the members of 
a stereoscopic pair. 
ISC-189 
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For each track the mean curvature in the interval from 14 to 4 em. 
from the end, i·~· stopping point, i~s to be determined. Since the 
accuracy of measurement increases ~nth the length of track measured, 
the mean curvature of each track longer than 14 en. was measured over 
its entire usable length up to 4 em. from the end, and corrected to the 
corresponding value appropriate to the range interval 14 to 4 em. 
from the end. Also tracks somewhat shorter than lL. em. were used to 
increase the statistical accuracy of the data; t hese ·.\vere also corrected 
to the corresponding value for the range interval 14 to 4 ern. The 
corrections were, except for 4 cases, less than 12 per cent in radius 
of curvature. The similarity of proton and deuteron tracks is such 
that the correction (per cent change in curvature) for a proton is 
satisfac tory for a deuteron, and all tracks were corrected by; a 
uniform procedure. The average curvature was computed for an 
unscattered proton, as a function of length of track~ using the range-
energy data of Aron, Hoffman, and \villiams21. The per cent change in 
average r adius of curvature~~, P, from the value for a 14 em. track 
(the last 4 em. discarded) as a function of length of track, or range, 
R, was plotted in Fig. 4. The stopping power, SP, of the vapor is 
computed in the following section. For comparison the corresponding 
method was used for a deuteron, wlth the relation that a deute ron with 
t~;ice the r-illge has twice the energy of a proton. The per cent · correction 
for a deuteron was somewhat larger, but, since the total correction for 
protons was usually less than 12 per cent, the deficiency of the proton 
correction for deuterons was less than 6 per cent, fdr most cases, 
and is small compared to the effect of scattering. The treatment 
would be quite exact if all particles were protons; if uith this type 
of correction a distribution due to deuterons appears, they cannot 
be ascribed to improperly corrected protons. 
To afford an empirical estimate of the spread of curvature 
measurements due to scattering, a control experiment was carried out 
in which protons produced all the tracks. Protons uere knocked out of 
-!~For .6~ << 1, the average of K = 1/p over the interval is 
approximately equal to the reciprocal of the average of e 0 
\ 
\ 
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Fig. 4--correction (~~p) for Ranges, R, other than 14 em. The 
correction is computed for protons in a gas with 2.07 times 
the stopping power, SP, of helium at standard conditions. 
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·, ' 
a 3 mm. thick acrylic plastic surface by neutrons from the polonium 
alpha beryllium reaction. The data from the initial and the control 
experiment, and the radii of curvature corrected for angle*,¢, and 
corrected to the standard range interval are given in Tables l ;and 2. 
The corrected curvatures of particles from X-rays on copper are 
plotted in Fig. 5. The corrected curvature data for protons from 
fast neutron collisions are plotted in Fig. 6, where the ordinates 
have been renormalized to correspond to Fig. 5. The data of Fig. 5 
and Fig. 6 are plotted together in Fig. 7. The number of events in 
a curvature interval of10.002 cm.-1 is plotted by a yircle, at curvatures 
separated by 0.001 em.- • . The circles are joined by straight lines 
for comparison with the calculated distributions, described in the next 
section. From the areas, Ad and An, of the separate calculated 
deuteron and proton distributions obtained in this way the ratio 
(of photodeuterons to photoprotons in equal ·range and solid an.gle 
intervals) is as folious: 
V. DETERMINATION OF CENTERS AND WIDTHS OF DISTRIBUTIONS 
The magnetic field was measured and found to be 3440 gauss. 
Polonium alpha particles were used to determine the stopping power 
of the vapor in the chamber. The energy of the polonium alpha 
particles is for the .major fraction 5.303 Mev. This corresponds to 
a range21 of 3.75 em. in air at normal conditions**. The stopping 
power of helium relative to air is 1 Therefore the range in 
helium is: 6.36 
3.75 x 6.36 = 23.8 em. 
*The c~0rection for angle of inclination is described by 
R. H. Stokes • 
1H}Normal conditions refer to 15° C and 760 mm. pressure. 
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Table l 
Data on Tracks of Particles 
From 65 Mev. Bremsstrahlung on Copper 
Angle Radius · Vis. Chord Corrected radius ¢ avg.o pavg~ em. D em. P c em. 
87.5* 37.5* 6.2* 38.3* 
89 54 9.5 58.4 
86.5 43 9.9 46.1 
73 56 9.6 58.0 
87 .5 51.5 l2o4 52.8 
83 65 9.6 69.9 
79 63.5 9.9 67 .o 83 . 44 16o8 41.8 
79.5 62 9.7 65.9 
87 39 13.1 39.5 
so · 40.5 12.1 41.2 
76.5 113. 12.6 109. 
80 41.5 14.1 40.8 
85 36.5 13.7 34.7 
82.5 27 6.9 25.1 
86.5 47 13.6 47.3 
83:5 36 9:8 38.6 
82.5 48 8.2 53.0 
78~5 41 16.5 38.6 
87.5 91 10.4 96.7 
85.5 57.5 13.8 57.5 
80 .5 57.5 ll. 7 58.8 84 . 49.5 12.4 50.5 
86.5 41 14~0 40.9 
85.5 42.5 8.7 46.6 
86.5 58.0 11.9 59.9 
89 46.5 16.7 44.6 
84.5 58.5 9.5 63.0 
87.5 72 8.8 79.0 
85.5 59.5 12.8 60.4 
* Decimals arising from averaging are carried to avoid 
cumulative error, but are not significant figures. 
ISC-l89 
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Table i (Continued) 
Angle Rldius Vis. Chord Corrected radius 
¢ avg. 0 P avg. em. D em. E' c. em. 
82.5 45 11.2 46.7 
87 48 16.1 46.3 
85 38 9.5 41.0 
87 51 17.6 48.6 
84 61.5 9.4 66.2 
84.5 53 11.6 54.8 
88.5 58.5 9.2 63.6 
87.5 68 10.8 71.6 
86 41 8.5 45.5 
86.5 97 18 91.4 
83.5 41.5 12.1 42,.5 
85 57 13.6 57.0 
83.5 34?; 9.2 39.0 
82~5 54.5 13.9 54.0 
81.5 52 12.7 51.6 
83 25.8 6.7 25.3 
89 73 9o7 78.7 
87.5 79 7o8 95.6 
83.5 49 8.8 86.4 
85 76 14.1 75.8 
87.5 56 10.1 60.0 
82.5 91 6.6 76.8 
89 67 9.0 73.1 
86 80 10.6 84.6 
85.5 76 11.7 78.7 
83 46 17.3 43.5 
87.5 42.5 7.5 48 
86 51 10.5 54 
86 36 11.2 37.2 
85.5 72 10.7 76 
75 80 8.1 86.5 
88 43 8o0 48 
85 47 8.7 51.4 
89 69 6.7 58.4 
81 69 from 17.1 59.4 
to 8.3 
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Table 1 (Continued) 
Angle Radius Vis. Chord Corrected radius 
¢ avg. 0 e avg. em. D em. e c em. 
89.5 57 from 18.2 46.7 
to 10.2 
86 45 from 9.5 48.2 
to 4.2 
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Table 2 
Data on Tracks of Protons 
Accelerated by Fast Neutron Impact 
Angle Radius · Vis. Chord Corrected radius 
¢ avg. 0 eavg.cm. D em. t> c em. 
86 38.5* 10.25* 41.0* 
86 48.5 8.2 53.8 
87.5* 38 8.8 41.7 
87.3 48 8.1 53.6 
87.3 39 11.5 40.6 
86~7 50 9.7 53~8 
83.7 41 9o4 44.5 
82 27.5 11 28.6 
84.5 47.5 12.35 48.6 
87 44 9.75 47.5 
88~5 42~5 13:7 42.8 
86~5 51.5 9.7 55.5 
80.7 . 30.8 12.65 31.1 
86~2 53 16.7 50.8 
74.5 38 8.65 40.6 
84 ' 45.5 15~3 44~3 
83.5 47 12.35 48.0 
85 53 9.15 57.5 
83.5 44 9.2 47.7 
79~5 63 8.05 69.5 
88.5 40.5 11.8 42 
86 31.5 8.1 35~1 
81 ' 49.5 8~2 55~0 
84.5 39 9~15 42.3 
76 94 8.7 100.4 
87 . 43.5 8.6 48 
89 ~5 37 12.65 38.-2 
89~5 46 11.8 44.7 
79~5 48 9.5 51.5 
88.3 43 9o8 46.7 
*Decimals arising from averaging are carried to avoid 
cumulative error, but are not significant figures. 
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Table 2 (Continued) 
Ant:;le · Radius Vis.Chord Corrected radius 
y1 avg. 0 e avg;. em. D em. E' c em. 
86.3 33.7 10.6 35.7 
84 31 7.85 35 
83.5 47.5 15.15 48.7 
85.5 35.3 8o4 38.3 
86.5 44 12.55 45 
88.5 43.5 8.3 47.6 
89.5 36 17.25 37.8 
88 33.5 
83.5 40 17. 65 37.6 
87 35 15.7 34 
86.5 40 13.2 40.4 
89 32.5 9.3 35.5 85 ' 51.5 11 54 
84.5 12.6 46.5 
84 48.5 9.6 52.1 
81.5 39 10.3 41.3 
82 .5 40 12.05 41 
75.5 36.5 13 36 
84. 75 48 8.8 52.4 
87.5 44 ll.95 45.5 
85 54 from 10.6 54.8 
to 5.8 
87 62 from 12.7 59.6 
to 6.2 
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The observed average range was 10~1 em. tt 16.7 p.s.i.: therefore the 
stopping power of the gas* was 2_,.8 x 1 .7 times th:l.t of pure helium 
at 1 atm., or 2.07 times. The atB~~ pat~ibles traveled through the 
unexpanded (2 p.s.i. compressed) vapor, whereas the protons traveled 
through the expanded chamber (atmospheric pressure). This relative 
stopping power, 2.07 times, refers to the cloud chamber vapor, at 
its ambient temperature of about 30° C. No further temperature 
correction ~s ~ed. 
Using t his r elative stopping power, and the r ange-energy data21, 
the energy as a function of r ange was obtained, and from the energy, 
the curvature, which was averaged over the range 14 to 4 em. from the 
end. A curvature,~' of 0.022! cm.-1 was thus obtained for a proton. 
For a deuteron, the relation 1-1as used that a deuteron with twice the . 
range has t wicl the energy of a proton. The deuteron curvature, Kct, 
of· O.Ol3i em.- was thireby obtained similarly. For a triton, 
H3, Kt, was O.OlOi em.-
To permit more quantitative interpretation of the experimental 
results it was desirable to find the distribution in radius of curvature 
~ , or its reciprocal K. The Gaussian char acter of the distribution 
in the variable K for finite scattering may be shown. Let 0 be the 
angle between the emergent track and the unscattered pat h. It is 
shown by Rossi and Greisen22 that multiple scattering leads to a 
Gaussian distribution in Q , denoted G in 0. We denote the r adius of 
the closest fitting circular arc, of length A, qy f, its central 
angle by c, and use subscript 0 to refer to similar quantities for 
an unscattered path. 
Then C = ~ : AK. • 
For constant A, C is proportional to K. 
Since the best fitting circle is approximately t angent to the track 
at the two ends, 
For an unscattered path 
Therefore, 
0 - A(K K0 ) , 
*Helium, alcohol, acetone, and water. 
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and 
Gin Q implies G in (K- K0 ). 
Therefore scattering leads to a Gaussian distribution in .6 K, vmere 
(K - K ) is called ~K. 
0 
For a proton distribution K0 is 0.022 em. -l. The width of the 
proton Gaussian vlas obtained experimentally. In the control experiment 
protons lvere accelerated by fast neutron impact. No probable method 
of producing fast deuterons was afforded. Nearly all tracks are 
therefore,~~ due to protons. A Gaussian centered at 0.022 em. -l may be 
chosen to best fit the experimental data, adjusting the height at the 
center (or normalization coefficient) and the width specified by the 
half ~~dth at the point where the Gaussian falls to l/e of its maxiTum 
value. The 1/e half-l·Jidth so obtained for protons \vas 0.0051 em.- • 
The half~ndth for deuterons may be obtained from this yalue for 
protons by use of the multiple scattering theory~2 ,~J, 24. Uncertainty 
of composition of the gas would not effect as seriously the relative 
values of the ~cattering as its absolute value. 
l- 1 
Bethe19 shows (AK)m~ • ( b"r;i )2 T 
2 p0 2(l-cos B) 
where T = ! length of measured 
B = ~ and RMS denotes the 
Po 
l-cos B : 
section of track, (T = 
root mean square value. 
' 
3.5 em.) 
For small B, 
With this approxi!!!,ation 6 Kffi1s is independent of f> 0 ; the use of the 
mean value of T, T gives 
(.6. K)RMS = 0.116 QRMS , for either deuterons or 
protons. 
The m~aD4square plane (projected) given 22 , 2J, 2 by the equation 
where: 
a :: 
0 
D 
= 
02 - 41YNDz2z2e4 
E2 
Bohr radius = 0.53 x l0-8 
track length; D'= 7 em. 
N - number of nuclei/cm.3 
em. 
angle of scattering o2 is 
ln 
28 
E = energy of the particle; E~ , the energy of particle 
at middle of measured sectfon of track, was used.* 
z = nuclear charge of incoming particle; 1 for proton or 
z = nuclear charge of scattering center, 2 for helium, 8 
oxygen, etc.; ll per cent c2H6o, or equivalent, was 
~(of H20) = 0.4 02 (of c2H60). 
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deuteron. 
for 
used. 
The unsaturated partial pressures of acetone and alcohol were 
approximately 35 mm. each. The vapor pressure of water is taken from 
the 11 Handbook of Chemistry and Physics11 25 for a temperature of 30° C. 
The factor 200 in the ln denominator comes from 2 x 100, since a 
minimum detectable angle ofl/100 r adian was used. Point scattering by 
l/100 radian at the middle of a 7 em. track would change the 
sagitta by 0.35 ~~. , which is detectable. 
Neglecting nuclear recoil effects, the difference in 02d and Qfp is 
due to the difference in energy over the range interval. The change of 
the logarithm factor is of the order of 1 per cent and may be neglected. 
Then the ratio 0 E 
RMS,d _ : RMS1p : 0.8 ; 
0RMS, p Eru1S, d 
f2 6. KRMS :: (A K\j e ;; 
therefore the l/e half-width of the deuteron distribution is 
approximately 0.8 of the corresponding value for the proton 
distribution; or 
(.6 K)l/e,d = 0.8 X o.oo5 = o.oo4 em. -1 
for the deuteron distribution. 
-2 ~ 
·n{ 0 ) 2 was also computed for each half of the standard interval 
14 to 4 em., using the energy at the ~dpoint of each half (the next 
highter app~~mation) and combining 0 for the tvm halves. The 
change in (0 )2 ~s less than 2.5 per cent, indicating that 
approximation of O'(E) by G2(E~) is acceptable. 
. 2 
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VI. CONCLUSION 
The determination of scattering gives the 1/e half-~ddth of the 
Gaussians. The centers are computed from the field strength, and 
range energy data. The normalization is carried out to fit the ex-
perimental histogram*; the ratio of the areas of the fitted distributions 
eives the ratio r = 0.7~**· No appreciable distribution of tritons, 
HJ, was observed comparable with statistical fluctuation. The 
similar ratio of phototritons to photoprotons may be concluded to be 
less than 0.1. 
It is believed that a method has been presented for measuring 
the ratio r, and a value obtained in the case of copper. 
For comparison of the experiment al ratio r with results of theories, 
it may be useful to consider the initial energies of the particles 
observed. Most selected tracks left the target near the normal direction. 
The 0.018 inch thick copper target would just stop protons of about 
14.7 Mev., or deuterons of 19.5 Mev. Therefore energies up to these 
values are sampled (principally normal to the X-ray beam) except that 
minimum energies of 1.1 and 1.2 Mev. are required for protons and 
deuterons respectively. The sampling favors particles of higher 
energy because the section of target f rom which they are accepted is 
proportional to dR/dE, which for protons doubles in going from 6 to· 
15 Mev. The deuterons lose energy more rapidly along their range, so 
that the energy interval accepted is larger than for protons ~th equal 
range intervals. The value of r Tor equal range intervals as given is 
about 1.7 times as large as if a similar ratio had been determined for 
equal energy intervals. 
Improvement is ~ossible in use of a heavier alcohol (to supersaturate 
with fewer atoms/em. ) and no acetone, thus reducing scattering, and also 
by coil modification to permit a stronger magnetic field. The question 
1..rhether the high value of r is a specific property of copper, or a 
general property of nuclei presents a challenge. 
-l~ Fig. 5 
** The ratio r is obtained for equal range and solid angle intervals 
(essentially the tracks must stop inside the cloud chamber) for 
particles from 65 Mev. X-rays incident on an 0.018 inch thick copper 
target. 
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